We report the observation of negative nonlinear absorption in fluoroindate glasses doped with erbium ions. The pumping wavelength is 800 nm which is doubly resonant with Er 3ϩ ions transitions. A large nonlinear intensity dependence of the optical transmittance and strong upconverted fluorescence are obtained. The dependence of the upconverted fluorescence intensity with the laser power is described by a system of coupled-rate equations for the energy levels' populations.
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I. INTRODUCTION
Presently there is great interest in the study of the nonlinear absorption behavior of new materials because of possible photonic applications such as frequency upconversion lasers, 1,2 all-optical switches, 3, 4 and bistable devices. 5 Among the new materials available to date, fluoroindate glasses doped with rare earth ͑RE͒ ions appear as promising candidates to be used in photonic devices because of the low multiphonon emission rates and high fluorescence efficiencies for RE ions, as compared when they are doping other glasses.
Various spectroscopic studies of RE doped InF 3 -doped fluoroindate glasses were also presented [12] [13] [14] [15] [16] illustrating the large potentiality of this glass family as efficient optical upconverters. Moreover, applications such as flashlamp pumped lasers, 17 temperature sensor, 18 and processing of waveguides for integrated optics 19 are already known. In this paper we report the first observation of negative nonlinear absorption ͑NNA͒ in Er 3ϩ -doped fluoroindate glass, at room temperature. This effect, previously observed in highly doped erbium-yttrium aluminum garnets 20 and in semiconductors, 21 is characterized by a decrease of the transmission with increasing intensity. It is usually due to a double resonance of the incident radiation with a pair of electronic transitions. It can be studied directly by observing the transmission through the sample or indirectly by measuring the resulting upconverted radiation as a function of the intensity of the incident laser. This upconverted radiation is only present when the highest excited state has a large radiative branching ratio to the lowest lying states, as is the case presented here. From the applied point of view this effect is also important for optical limiting applications 22 and for operation of bistable devices.
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II. EXPERIMENT
The samples used, prepared according to the procedure described in Refs. 6, 7, 12, and 14 have the following compositions in mol %: (39Ϫx) InF 3 -20ZnF 2 -20SrF 2 -16 BaF 2 -2GdF 3 -2NaF-1GaF 3 ϪxErF 3 ͑xϭ1 and 3͒. The samples present good optical quality and do not show any crystallization under examination with the optical microscope.
Optical absorption spectra in the 200-800 nm were obtained with a diode array spectrophotometer and the results are similar to the ones already presented in Ref. 14.
The excitation of NNA was performed using a commercial continuous-wave diode laser operating at 800 nm and delivering ϳ5 mW. The laser beam was focused on the sample using a lens with 10 cm of focal length. The fluorescence, collected perpendicularly to the direction of the incident beam and dispersed by a 0.5 m grating spectrometer, was detected with a GaAs photomultiplier. For the transmittance measurements Si photodiodes were used. The signals were processed with a lock-in or a digital oscilloscope coupled to a personal computer for data processing. Figure 1 shows the dependence of the transmitted beam intensity as a function of the incident laser intensity. The laser wavelength was chosen at 800 nm in order to be simultaneously resonant with one erbium transition originating from the ground state, 4 I 15/2 → 4 I 9/2 , and also with transitions associated to excited states
III. RESULTS AND DISCUSSION
The experiments were performed with the two Er 3ϩ concentrations available and both samples exhibit NNA which causes a decreasing transmission as the laser intensity is increasing. The obtained results are shown in Fig. 1 , where the points represent the experimental data. The solid lines in Fig.  1 were obtained using the expression Tϭ(1ϪR)
Ϫi for the transmittance, where Rϭ0.04 is the air-glass interface reflectivity, I 0 is the laser intensity on the front surface of the sample, d represents the sample length, ␣ 0 is the measured linear absorption coeffi-cient, and ␣ 2 is the nonlinear absorption coefficient. The parameters used in these fittings are presented in Table I .
The fluorescence spectrum observed in the 500-700 nm range for the sample with xϭ3 is shown in Fig. 2 ͑ϳ670 nm͒. The spectrum for the other sample is similar except for the band intensities which decreases with the erbium concentration.
The frequency upconversion process was monitored through the fluorescence at ϳ550 nm and the dependence of the emitted signal with the laser intensity is shown in Fig. 3 . We note that the sample with xϭ3 presents a strong nonlinear dependence ͑slope 5 in the log-log plot͒ while an almost quadratic dependence is observed for the other sample.
We have also studied the dynamics of the frequency upconversion process as a function of the pump intensity. In these temporal studies the excitation beam was chopped at a frequency of 8 Hz while the upconverted fluorescence was monitored with a digital oscilloscope. The temporal resolution of the detection system is 0.1 ms. Figure 4 shows the dependence of the fluorescence from the xϭ3 sample for four different intensities. It is important to note that the signal rise time is ϳ10 ms, although the lifetime of the fluorescing level is 0.6 s.
14 This behavior indicates that long-lived states participate as intermediate stages in the upconversion process.
In order to understand the upconversion dynamics we first consider the energy level scheme of Fig. 5͑a͒ is not considered in the model because the red emission is weaker than the green fluorescence. A four level system was also employed but no significant improvements compared to the three level model are obtained. The observed temporal behavior is reproduced using a rate-equation approach which takes into account the contributions due to the two pumping rates R 1 (1→2) and R 2 (2→3). The equations for the population densities assume the form:
where n 1 , n 2 , and n 3 denote the population densities in levels 1, 2, and 3, respectively, and n 1 ϩn 2 ϩn 3 ϭ1. used to solve numerically the system of equations presented above.
The agreement of the model with the experimental results can be verified in Fig. 4 , where the solid line was obtained using the parameters indicated in Table II . The values of W 31 , W 32 , and W 2 were obtained from Refs. 14 and 16. The ratio between the pumping rates R 1 and R 2 , and the cross-relaxation rate S, were determined from the upconversion intensity measurements as a function of the incident laser intensity. From the steady state solution of Eqs. ͑1͒-͑3͒ we can calculate the upconverted fluorescence and compare the results with the observed behavior under cw excitation. In Fig. 6 we show the results of the comparison with the experimental results from Fig. 3 . It is important to mention that the parameters used here are the same as obtained from the fitting of the transient experiments. We note that the dependence of the cross-relaxation rate with the erbium concentration ͑as shown in Table II͒ is a consequence of the change in the distances between the active ions. This dependence explains why the NNA effect is less pronounced in the sample with xϭ1. The nonlinear behavior of transmittance and upconverted fluorescence as a function of laser intensity is mainly due to the large crossrelaxation which enables the excitation of two ions in the ( 4 I 11/2 , 2 I 13/2 ) states when pumping transition 4 I 15/2 → 4 I 9/2 . A closely related effect which is also possible to observe with our samples is the phenomenon of photon avalanche. 16, [24] [25] [26] The main difference is that in the avalanche effect the sample's absorption is initially very small and constant, with the laser tuned far from resonance in the first step. Under these conditions there is an intensity threshold where the transmission starts to change, which is not what happens in the present measurements. We can say that the negative nonlinear absorption observed for the experimental situation discussed here is a limiting case where the avalanche effect is absent ͑even for very low powers the transmission depends nonlinearly on the intensity͒, because the ratio between the pumping ratios, R 1 /R 2 , is too large.
V. CONCLUSION
We have reported negative nonlinear absorption in an Er 3ϩ -doped fluoroindate glass pumped at 800 nm. The experimental results, obtained using a low power diode laser, depend on the erbium concentration because the interaction among ion pairs which contribute significantly to the NNA process is strongly dependent on the relative distance among Er 3ϩ ions. The presented theoretical model agrees with the experimental results and provides an estimate for the effective cross-relaxation rate among erbium ions.
From the results presented here and due to the similarities between fluoroindate glass and fluorozirconate glass, we conclude that other nonlinear effects, such as photon avalanche, may also be observed in InF 3 -based glasses using inexpensive diode lasers with appropriate wavelengths. Further experiments along this line will be performed in the near future. 
